The Gram-negative bacterial type VI Secretion System (T6SS) delivers toxins to kill or inhibit the growth of susceptible bacteria, while others target eukaryotic cells. Deletion of atsR, a negative regulator of virulence factors in B. cenocepacia K56-2, increases T6SS activity. Macrophages infected with a K56-2 ΔatsR mutant display dramatic alterations in their actin cytoskeleton architecture that rely on the T6SS, which is responsible for the inactivation of multiple Rho-family GTPases by an unknown mechanism. We employed a strategy to standardize the bacterial infection of macrophages and densitometrically quantify the T6SS-associated cellular phenotype, which allowed us to characterize the phenotype of systematic deletions of each gene within the T6SS cluster and ten vgrG encoding genes in K56-2 ΔatsR. None of the genes from the T6SS core cluster and the individual vgrGs were directly responsible for the cytoskeletal changes in infected cells. However, a mutant strain with all vgrG genes deleted was unable to cause macrophage alterations. Despite not being able to identify a specific effector protein responsible for the cytoskeletal defects in macrophages, our strategy resulted in the identification of the critical core components and accessory proteins of the T6SS assembly machinery and provides a screening method to detect T6SS effectors targeting the actin cytoskeleton in macrophages by random mutagenesis.
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their actin cytoskeleton architecture that rely on the T6SS, which is responsible for the 26 inactivation of multiple Rho-family GTPases by an unknown mechanism. We employed 27 a strategy to standardize the bacterial infection of macrophages and densitometrically 28 quantify the T6SS-associated cellular phenotype, which allowed us to characterize the 29 phenotype of systematic deletions of each gene within the T6SS cluster and ten vgrG 30 encoding genes in K56-2 ΔatsR. None of the genes from the T6SS core cluster and the 31 individual vgrGs were directly responsible for the cytoskeletal changes in infected cells. 32
However, a mutant strain with all vgrG genes deleted was unable to cause macrophage 33 alterations. Despite not being able to identify a specific effector protein responsible for 34 the cytoskeletal defects in macrophages, our strategy resulted in the identification of the 35 critical core components and accessory proteins of the T6SS assembly machinery and 36 provides a screening method to detect T6SS effectors targeting the actin cytoskeleton in 37 macrophages by random mutagenesis. 38
INTRODUCTION 40
Burkholderia cenocepacia is an environmental Gram-negative opportunistic pathogen 41 that causes persistent, often severe, lung infections in individuals with cystic fibrosis (CF) 42 and other underlying diseases (Drevinek & Mahenthiralingam, 2010; Isles et al., 1984; 43 Mahenthiralingam et al., 2008) . Infections by this bacterium are difficult to treat due to 44 the intrinsic and high-level multidrug resistance of B. cenocepacia to most clinically 45 relevant antibiotics (Waters, 2012) . Also outer sheath VipA-and VipB-like proteins (Bonemann et al., 2009 ). In turn, proteins 62 from the PAAR (proline-alanine-alanine-arginine) repeat superfamily bind to the VgrGs 63 and are essential for T6SS-mediated secretion into other bacterial cells, forming a spike 64 complex decorated with multiple effectors that are delivered simultaneously into target 65 cells through a contraction-driven translocation event (Shneider et al., 2013) . The AAA+ 66
ATPase ClpV disassembles the outer sheath complex, a process that requires ATP 67 hydrolysis, and then the inner Hcp tube is detached and released into the medium 68 (Bonemann et al., 2009 ). The T6SS, now referred to as a bacterial poison dagger, is a 69 versatile weapon, which requires intimate cell contact to deliver a wide range of toxins 70 into bacterial competitors or eukaryotic cells. Most identified T6SS effector proteins act 71 on bacterial cells and include peptidoglycan-degrading enzymes, membrane-degrading 72 lipases, and nucleic acid targeting enzymes (Durand et al., 2014; Russell et al., 2014) . In 73 some cases, the same effector can function in bacterial antagonism and also alters cell-74 signaling pathways in eukaryotic cells (Jiang et al., 2014). Also, "evolved" VgrGs have 75 been described that contain various C-terminal extensions leading for instance to actin-76 crosslinking or actin-ADP-ribosylation in eukaryotic cells (Brooks et al., 2013; Pukatzki 77 et al., 2007; Suarez et al., 2010) , and host cell fusion presumably to facilitate intercellular 78 bacterial spreading (Schwarz et al., 2014; Toesca et al., 2014) . 79
80
The T6SS of B. cenocepacia K56-2 was first identified in a signature-tagged mutagenesis 81 study pointing out the importance of this secretion system for B. cenocepacia survival in 82 a rat model of chronic respiratory infection (Aubert et al., 2008; Hunt et al., 2004) cenocepacia VgrG proteins for T6SS function and T6SS-related phenotype was also 101 Bioscreen C automated microbiology growth curve analysis system at 37°C, with 141 continuous shaking and OD600 measurements taken every hour as described previously 142 (Aubert et al., 2008) . 143 144 Expression and purification of His-tagged Hcp and polyclonal antibody 145 preparations. hcp was PCR amplified with primers 2143 and 2748 and cloned into 146 plasmid pET30a using NdeI and HindIII restriction sites. This generated plasmid pDA44 147 encoding Hcp6xHis, which was introduced into E. coli strain BL21 (DE3) by 148 transformation. Overexpression of Hcp6xHis was performed as follows. E. coli cells were 149 grown to an OD600 of 0.6, induced with 0.05 mM isopropyl-β-d-1-thiogalactopyranoside 150 (IPTG), and grown for another 2 h at 30°C. Cells were collected by centrifugation and 151 resuspended in 50 mM sodium phosphate pH 7.4, 300 mM NaCl, and lysed using a 152
French press. Debris were removed following centrifugation at 20 000 ×g for 20 min. 153 Hcp6xHis was purified from filtered supernatant by FPLC (ÄKTA Basic instrument) using 154 a 5 ml HisTrap column (GE Healthcare). Elution was performed using a linear gradient 155 concentration of imidazole (10-400 mM). Fractions containing purified Hcp6xHis were 156 pooled and dialyzed against 50 mM sodium phosphate, pH 7.4, 300 mM NaCl, and stored 157 at 4°C. The eluted Hcp6xHis was judged >90 % pure after this step. Polyclonal antibodies 158 recognizing Hcp were generated in New Zealand White rabbits by ProSci Inc. were assayed as described previously (Schmerk & Valvano, 2013) with slight 215 modifications. ANA-1 macrophages were seeded in 12-well plates at a density of 3x10 5 216 cells per well and incubated overnight. Gentamicin sensitive strains were grown 217 overnight in LB broth at 37°C with shaking. Bacteria were used to infect ANA-1 218 macrophages at a MOI of 50:1 as described above. One hour post-infection, macrophages 219 were washed with PBS three times to remove extracellular bacteria. DMEM 10% FBS 220 containing 100 µg gentamicin ml -1 was added to kill remaining extracellular bacteria. 221
One hour later, macrophages were washed twice in PBS, and fresh medium containing 10 222 µg gentamicin ml -1 was added for the remainder of the experiment. To enumerate 223 intracellular bacteria, infected macrophages were lysed with 0. contain any vgrG (Fig. 1a ). The predicted functions of the T6SS genes are listed in the 237 Supplemental Table S2 , and whenever possible the genes were named according to the 238 proposed standard nomenclature for T6SS core components, tss (for T6SS gene) or tag 239 (T6SS-associated gene) . Each of the genes in the T6SS cluster was 240 systematically deleted in B. cenocepacia ΔatsR and the mutants investigated for T6SS 241 related phenotypes. All mutants had similar growth rates compared to the wild type strain 242 whether a gene encoding an effector lied within the T6SS cluster, mutants were first 250 evaluated for their ability to induce cytoskeletal rearrangements in infected macrophages 251 and then for their ability to release Hcp into culture supernatants (denoting a functional 252 T6SS). An assay was developed to quantify the T6SS activity by measuring the extent of 253 the formation of "beads on a string-like" structures. Since these structures appear around 254 macrophages as dark objects on a clear background in phase contrast microscopy ( Fig.  255 1b) it is possible to measure the area they occupy per field of view using image analysis 256 software. The "amount" of dark objects, which is representative of the intensity of T6SS 257 activity, was calculated (see Methods) for each mutant tested and expressed relative to is clearly detected in culture supernatants from ΔatsR denoting a functional T6S 282 machinery ( Fig. 1d) . Most of the genes located within the T6SS cluster were required for 283 Hcp export. Mutants carrying a deletion in tssM, tssA, tssH, tssG, tssF, tssE, tssC, tssB, 284 BCAL0340, tssK or tssL were unable to export Hcp, while mutants with a deletion in 285 BCAL0352, tagL or tssJ had reduced levels of Hcp exported into the culture supernatants 286 as compared to ΔatsR. These results also agree with the observation that these three 287 mutants reproducibly induced lower levels of ectopic structures in macrophages in 288 comparison with ΔatsR (0.71, 0.72, and 0.55 relative units; Fig. 1c ), suggesting that the 289 encoded proteins probably have an effect on the overall efficiency of the T6SS. In 290 contrast, similar levels of Hcp were detected in ΔatsRΔBCAL0336-33 and ΔatsR culture 291 supernatants. Besides ΔatsRΔhcp, the intracellular levels of Hcp were similar for all 292 mutants tested except for ΔatsRΔtagF, which repeatedly displayed lower levels of 293 cytosolic Hcp but higher levels of exported Hcp compared to ΔatsR (Fig. 1d ). 294 295 These results show that there is in most cases, a good correlation between Hcp export 296 levels and T6SS activity as measured by the extent of the formation of "beads on a string-297 like" structures. Together, these assays identified tssM, tssA, tssH, tssG, tssF, tssE, 298 tssD(hcp), tssC, tssB, BCAL0340, tssK and tssL as core components of the T6S 299 machinery, which are critical for assembly and function, and BCAL0352, tagL and tssJ 300 as accessory proteins likely involved in the stability of the T6SS complex or required for 301 its proper functioning. None of the mutants tested were unable to elicit changes in 302 macrophages morphology while retaining the ability to export Hcp, suggesting that the 303 gene encoding the effector molecule responsible for cytoskeletal rearrangements is not 304 located within the T6SS cluster. 305 306
Characterization of BCAL0345 paralogs 307
We investigated the presence of paralogs of the T6SS genes using the KEGG database for 308 the B. cenocepacia strain J2315 (http://www.genome.jp/kegg-309 bin/show_organism?org=bcj), which is a clonal isolate with K56-2 (Mahenthiralingam et 310 al., 2000) . For each gene of the T6SS, paralogs were investigated according to the 311 threshold values given for the Smith-Waterman algorithm (Smith & Waterman, 1981) , as 312 automatically provided by the KEGG database. We found that the genes located in the 313 T6SS locus were unique within B. cenocepacia except for tssF and tssH. Each of them 314 has two paralogs BCAL1293/BCAS0668 (in chromosome 3) and 315 BCAL1919/BCAL2730, respectively. BCAL1919 and BCAL2730 were not further 316 investigated as they encode the well-characterized ClpB heat-shock protein and ATP-317 binding subunit ClpA from the ATP-dependent Clp protease, respectively. Interestingly, 318 BCAL1293 and BCAS0668 were located immediately next to a VgrG encoding gene 319 (BCAL1294 and BCAS0667). The amino acid sequences of BCAL1293 and BCAS0668 320 are 42% and 40% identical (58% and 54% similar) to TssF, respectively ( Fig. S1) . 321 BCAL1293 and BCAS0668 were individually deleted in ΔatsR and mutants were tested 322 for T6SS activity in our macrophage infection model. In contrast to ΔatsRΔtssF, 323
ΔatsRΔBCAL1293 and ΔatsRΔBCAS0668 could elicit morphological changes in 324 macrophages at similar levels to ΔatsR (Fig. 2 ). Introduction of plasmid pL0345 325 (encoding TssF) into ΔatsRΔBCAL0345 restored T6SS activity, however introduction of 326 plasmids pL1293 or pS0668 (expressing BCAL1293 or BCAS0668, respectively) did not 327 analyses indicated that all mutants had similar growth rates (data not shown). Mutants 356 were then tested for their ability to induce cytoskeleton rearrangements in infected 357 macrophages and to export Hcp into culture supernatants ( Fig. 4a-b ). Single vgrG 358 deletions did not affect either Hcp export or morphological changes in macrophages 359 denoting T6SS activity, suggesting that none of the individual VgrGs are critical for 360 T6SS function. Although we cannot rule out that the evolved VgrGs BCAL1359 and 361 BCAS0667 are T6SS effectors, they can be excluded from an involvement in actin 362 cytoskeleton alterations. A VgrG-less strain was created in B. cenocepacia ΔatsR. 363 Deletion of the 10 vgrG genes resulted in a non-functional T6SS unable to cause the actin 364 cytoskeleton phenotype in infected macrophages or export Hcp (Fig. 4c OmpA motif (E value 4.4e-25) and the PF0691 motif, which is characteristic of cell wall 414 binding protein components of T6SSs (Aschtgen et al., 2010) . TagL may have an 415 accessory function, which can be important for the proper production, assembly, or 416 activity of the T6S apparatus. Further, our results ruled out the small ORFs (BCAL0333-417 BCAL0336) as genes encoding either potential T6SS effectors involved in the eukaryotic 418 phenotype or components influencing T6SS functioning. Therefore, we have reassigned 419 the boundaries of the B. cenocepacia T6SS cluster to only include 16 genes (BCAL0352-420 tssL) (Fig. 1a) . Our results indicate that none of these components are directly responsible for inducing 436 actin cytoskeletal changes in macrophages. However, the quantitative approach we have 437 developed to investigate macrophage cell morphology can be adapted for screening 438 random mutants in the search for one or more T6SS effector proteins acting on Rho-type 439 GTPases, which is currently underway in our laboratory. 
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Details of the construction of mutagenic and complementing plasmids
Mutagenesis of B. cenocepacia K56-2. Unmarked and non-polar deletions were performed as described previously (Flannagan et al., 2008) . Amplicons were digested with the appropriate restriction enzymes and cloned into plasmid pGPI-SceI (see below for details). Mobilization of mutagenesis plasmids into Burkholderia strains was performed by triparental mating using E. coli DH5α carrying the helper plasmid pRK2013 (Craig et al., 1989; Figurski & Helinski, 1979) . Gene deletions were confirmed by PCR. Deletion of BCAL1674-76 was performed using plasmid pMH447 and resulted in K56-2 gentamicin sensitive strains.
Deletion of genes localized in the T6SS cluster. To delete BCAL0352, PCR amplifications of regions flanking BCAL0352 were performed using 3454-3465 and 3458-3457 primer pairs. The amplicons were digested with the restriction enzymes XbaI-XhoI and XhoI-EcoRI, respectively, and cloned into the mutagenic plasmid pGPI-SceI digested with XbaI and EcoRI giving rise to pDelL0352. Several deletion plasmids were created using a similar approach. To create pDelL0351, pDelL0350, pDelL0349, pDelL0339, pDelL0338, pDelL0337, and pDelL0336-33 (to delete BCAL0351, 0350, 0349, 0339, 0338, 0337 and BCAL0336-0333, respectively), PCR products were amplified using primers 3203-3177 and 3201-3202; 5190-5189 and 5188-5187; 5194-5193 and 5192-5191; 3948-3947 and 5178-5177; 5181-5182 and 5179-5180; 5185-5186 and 5184-5183; 5026-5025 and 5334-5333, respectively.
Deletion of BCAL0345 paralogs. To create pDelL1293 and pDelS0668 (to delete BCAL1293 and BCAS0668, respectively), PCR products were amplified using primers 4896-4895 and 4894-4893; 4902-4901 and 4900-4899, respectively.
Deletion of vgrGs.
To create pDelL1165, pDelL1294, pDelL1355, pDelL1359, pDelL1362, pDelL2279, pDelM0043, pDelM0148, pDelM2254 and pDelS0667 (to delete BCAL1165, 1294, 1355, 1359, 1362, 2279, BCAM0043, 0148, 2254 and BCAS0667, respectively), PCR products were amplified using primers 3800-3801 and 4185-4186; 3059-3065 and 3066-3068; 3349-3354 and 5015-5016; 5017-5018 and 5019-5020; 5021-5022 and 5023-5024; 4305-4306 and 4308-4309; 4125-4126 and 4127-4128, 3759-3760 and 3761-3762; 4134-4135 and 4136-4137, 2863-3263 and 3267-2867, respectively.
Complementing plasmids. The complementing plasmids pL0345, pL1293, pM1857 and pS0668 were created as follows. BCAL0345, BCAL1293, BCAM1857 and BCAS0668 were PCR amplified using primer pairs 4905-4906, 4897-4898, 6207-6208 and 4903-4904, respectively. PCR products were digested with NdeI and XbaI and cloned into similarly digested pDA12. BCAL0345 and paralogs (BCAL1293 and BCAS0668) . Sequence alignment was generated using ClustalW (Larkin et al., 2007) . Identical (black) and similar (grey) residues were illustrated using BOXSHADE (http://www.ch.embnet.org/software/BOX_form.html).
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